The decision between survival and death is an important aspect of cellular regulation during development and malignancy. Central to this regulation is the process of apoptosis, which is conserved in multicellular organisms [ Immunoblot analysis of Dakt1 from wild-type and homozygous q larvae showed no significant differences in expression (Figure 1a ), so q is not a protein-null allele of Dakt1. A Dakt1 kinase activity assay, however, revealed a significant loss of Dakt1 kinase activity in homozygous q larvae (Figure 1b) . Since q encodes Dakt1 protein, we focused our search for DNA lesions associated with q to the coding region of Dakt1 and sequenced the Dakt1 coding region from genomic DNA isolated from q larvae. As a control, we also sequenced Dakt1 DNA from another lethal mutation, l(3) 89B o 1 (simplified to 'o'), isolated in the same mutagenesis screen as q [14] . Comparison of the sequences of several independent isolates each of wildtype, q and o Dakt1 revealed a single consistent point mutation unique to the q DNA sequence. This sequence change resulted in a single amino-acid change, F327I (Figure 1c ). This phenylalanine residue is a core residue in subdomain VII of the kinase catalytic domain, forming the 'DFG' motif which is highly conserved among protein kinases including mammalian PKB proteins. Given our sequence analysis of q along with our kinase assay results, we conclude that q encodes a non-functional Dakt1 kinase. To confirm this hypothesis, we generated the corresponding amino-acid change in bovine PKB (F293I) and assessed its effects on PKB kinase activity. The F293I change produces a kinase that is inactive even in the presence of the agonist pervanadate ( Figure 1d ).
Molecular analyses localized Dakt1 to within ≈30 kb of the stubbloid (sbd) gene [10, 11] ; this places Dakt1 within Df(3R)sbd 45 [12] . We therefore focused our hunt for a Dakt1 mutant to lethals that failed to complement this deficiency.
As Dakt1 is ubiquitously expressed [10, 11] , we utilized a GAL4 transgene driven by the armadillo promoter (arm-GAL4) [13] , which allowed expression of Dakt1 in a fairly ubiquitous pattern using an upstream activating sequence Dakt1 (UAS-Dakt1) transgene. Screening a collection of mutants mapping to Df(3R)sbd 45 , one larval lethal mutation, l(3) 89B q 1 [14] , was identified that could be rescued by the combination of the arm-GAL4 and UAS-Dakt1 transgenes (arm-Dakt1; see Materials and methods). As PKB/AKT and Dakt1 have a similarity of 76.5% at the amino-acid level [10, 11, 15] , we also tested whether bovine PKB/AKT could rescue l(3) 89B q 1 mutants using a UAS-PKB/AKT transgene. The arm-PKB/AKT combination was effective at rescuing l(3) 89B q 1 (see Materials and methods), albeit with lower efficiency. This demonstrates that l(3) 89B q 1 (simplified to 'q') encodes Dakt1, which is the functional homolog of PKB/AKT.
Immunoblot analysis of Dakt1 from wild-type and homozygous q larvae showed no significant differences in expression (Figure 1a ), so q is not a protein-null allele of Dakt1. A Dakt1 kinase activity assay, however, revealed a significant loss of Dakt1 kinase activity in homozygous q larvae (Figure 1b) . Since q encodes Dakt1 protein, we focused our search for DNA lesions associated with q to the coding region of Dakt1 and sequenced the Dakt1 coding region from genomic DNA isolated from q larvae. As a control, we also sequenced Dakt1 DNA from another lethal mutation, l(3) 89B o 1 (simplified to 'o'), isolated in the same mutagenesis screen as q [14] . Comparison of the sequences of several independent isolates each of wildtype, q and o Dakt1 revealed a single consistent point mutation unique to the q DNA sequence. This sequence change resulted in a single amino-acid change, F327I (Figure 1c ). This phenylalanine residue is a core residue in subdomain VII of the kinase catalytic domain, forming the 'DFG' motif which is highly conserved among protein kinases including mammalian PKB proteins. Given our sequence analysis of q along with our kinase assay results, we conclude that q encodes a non-functional Dakt1 kinase. To confirm this hypothesis, we generated the corresponding amino-acid change in bovine PKB (F293I) and assessed its effects on PKB kinase activity. The F293I change produces a kinase that is inactive even in the presence of the agonist pervanadate ( Figure 1d ).
As Dakt1 is a maternally expressed gene [11] , we tested the maternal contribution of Dakt1 using germline clone (GLC) analysis [15] . GLC q females produced embryos lacking various portions of larval cuticle at the end of embryogenesis. The range of phenotypes depended on the level of zygotic Dakt1 activity in the embryo. Without any zygotic expression of Dakt1, q GLC embryos produced only a few scraps of cuticle (Figure 2b ). When q GLC embryos expressed some zygotic Dakt1, some ventral cuticle was produced (Figure 2c ). This phenotype was extensively suppressed by expression of Dakt1 using our heat-shock inducible hs-Dakt1 transgene ( Figure 2d ). As mammalian PKB/AKT has been implicated in anti-apoptotic activity [16] , we decided to test Dakt1 GLC embryos for evidence of apoptosis. Acridine orange (AO) staining has been shown to be a good indicator of apoptosis (and not necrosis) in Drosophila, detecting cellular events such as membrane blebbing [17] . AO staining of Dakt1 GLC embryos showed extensive apoptosis compared to wildtype embryos (Figure 2e ,f). Confirmation of an effect on apoptosis was performed using a TUNEL assay in Dakt1 embryos to detect the incidence of DNA fragmentation [18] . Dakt1 embryos showed extensive DNA breakage as assayed by TUNEL in situ. Incidence of TUNEL signal in Dakt1 GLC embryos precedes the initiation of the signal in wild-type embryos (Figure 3a macrophages converge to engulf cellular fragments by phagocytosis. We used an antibody to Croquemort (Crq), the Drosophila homolog of CD36, to detect macrophages in embryos [19] . Consistent with our previous observations, Dakt1 embryos exhibited a significant increase in Crq expression compared to wild-type embryos (Figure 3c-f ). This expression is at the cell surface and focused on the apoptotic cells (Figure 3f ). It appears, therefore, that loss of Dakt1 activity results in premature and ectopic apoptosis with the characteristics of membrane blebbing, DNA fragmentation and macrophage-mediated endocytosis.
To date, the deficiency of the reaper (rpr), grim and hid genes (Df(3L)H99) is the only mutation that blocks apoptosis in Drosophila [18] . Overexpression of any of these three genes results in ectopic apoptosis in embryos [18, 20, 21] . We were therefore curious as to whether Dakt1 mutants resulted in apoptosis through the mis-expression of rpr, grim or hid. This was found not to be the case, as Dakt1 mutant embryos did not show overexpression of these genes (rpr, Figure 3g ,h; hid and grim, data not shown). To further examine the possibility of an interaction between Dakt1 and these genes, we generated a Df(3L)H99 FRT 82ß l(3) 89B q 1 chromosome and made GLCs. Consistent with our expression studies, loss of rpr, grim and hid in H99 did not suppress the phenotype of Dakt1 GLC embryos (Figure 3i ). These results suggest that Dakt1 and H99 modulate apoptosis via distinct mechanisms. To test the involvement of caspases in Dakt1-mediated apoptosis, we expressed the baculoviral caspase-inhibitory protein p35 in Dakt1 embryos. Ectopic p35 has been shown to block caspase activity and to suppress apoptosis in Drosophila [22] , and hs-p35 effectively blocked apoptosis in Dakt1 embryos (Figure 3j ), demonstrating the requirement for caspase activity in this process.
Our epistasis tests suggest that Dakt1 does not function upstream of the rpr, grim and hid gene functions in the embryo. It is possible, though, that Dakt1 might be regulated by the rpr, grim and hid genes (at the H99 locus) and in fact act downstream of these genes. This presents two possibilities. First, Dakt1 and the H99 locus represent independent pathways. Second, the H99 locus might repress Dakt1 function. This study thus provides the first genetic evidence implicating PKB as an anti-apoptotic factor.
Materials and methods

Drosophila strains and genetic experiments
Dakt1 and bovine PKB cDNAs were cloned into pUAST P-element transformation vector and injected into w 1118 embryos to generate transformants. For adult rescue experiments, we used a combination of arm-GAL4 with UAS-Dakt1 (arm-Dakt1) or with UAS-PKB (arm-PKB). The arm-Dakt1 transgene resulted in a rescue of 34.1% and arm-KB resulted in a rescue of 17.8%. Rescue was scored as the percentage of flies with a homozygous q chromosome (the expected number is zero). The heat-shock inducible hs-Dakt1 line was generated using the pHS Casper P-element vector. GLC analysis for 3R using FRT 82β was performed as in [15] . ) was also used for these experiments. As q 2 was induced on the TM3 chromosome, however, we were unable to perform GLC experiments using this allele. To rescue q GLC embryos, q GLC females were crossed to hs-Dakt1; q/TM3 males and the progeny were heat-shocked three times during embryogenesis for 5 min each. A Df(3L)H99 FRT 82β l(3) 89B q 1 chromosome was constructed using standard recombination Brief Communication 601 
Dakt1 antibody production, immunoblots and kinase assays
Rabbit antisera against Dakt1 were raised against an olihistidine-Dakt1 (His-Dakt1) fusion protein. His-Dakt1 was constructed by cloning a 1590 bp fragment of the Dakt1 complete coding region (530 amino acids) into the BamHI site of the pET15b vector (Novagen). Fusion proteins were produced in E. coli strain BL21 (DE3) and purified from bacterial lysates through binding to nickel-chelating resin according to manufacturer's instructions (Novagen). Rabbits were immunized subcutaneously with purified recombinant proteins in complete Freund's adjuvant followed by booster injections at 4 week intervals. Larvae homozygous for q were identified by following the TM6B balancer. Drosophila embryos were lysed in Gentle Soft buffer (20 mM PIPES pH 7.4, 10 mM NaCl, 0.5% NP-40, 5 mM EDTA, 0.05% 2-mercaptoethanol, 5 mg/ml leupeptin, 1 mM benamidine, 0.5 mM NaF and 100 mM Na vanadate). The lysates were normalized for total protein before immunoprecipitation or separation by SDS-PAGE for immunoblotting. For western blots, Dakt1 proteins were visualized using the ECL system (Amersham). For Dakt1 immunoprecipitations, 5 ml rabbit polyclonal antiserum were added to the cell lysates for 2 h at 4°C. Immunocomplexes prebound to protein A-Sepharose (Sigma) were washed five times with lysis buffer. In vitro Dakt1/HA-PKB kinase assays were measured by the capacity of the kinases to phosphorylate a GSK3 peptide substrate corresponding to the sequence in GSK3β surrounding the Ser9 that is phosphorylated by PKB. Dakt1 immunocomplexes were incubated at 30°C with 30 mM GSK3 peptide in the presence of 50 mM [ 32 P]ATP in 50 mM PIPES, pH 7.4, 10 mM MgCl 2 and 1 mM EGTA. The phosphorylated peptides were separated from unincorporated [ 32 P]ATP by Tricine-SDS-PAGE and quantified by analysis on a Molecular Dynamics Phosphorimager.
Analysis of embryos and cuticles
Cuticles were cleared in Hoyer's medium before photography and analysis. For acridine orange (AO) staining, embryos were dechorionated with bleach and layered with 5 mg/ml AO in PBS and heptane for 5 min. Embryos were then removed from the mix and dropped onto Halocarbon oil for analysis and photography. Terminal deoxynucleotide transfer mediated dUTP-biotin nick-end labelling (TUNEL) assays in embryos were performed as in [20, 21] and the embryos were layered through mountant (70% glycerol/30% 0.1 M Tris, pH 8) and mounted for photography. Anti-Crq staining and the antibody are described in [19] . The rpr, grim and hid probes were generated and labeled with digoxigenin using PCR with specific primers to these genes and Drosophila genomic DNA. Hybridization and detection in situ was as in [23] .
Supplementary material
Additional methodological detail is published with this paper on the internet.
